Coronary blood flow and myocardial energetics were assessed after the administration of a parenteral inotrope (dobutamine hydrochloride) and an oral vasodilator agent (hydralazine) in 10 patients with nonischemic congestive heart failure. Dobutamine (5 ltg/kg per min) and hydralazine (1 mg/kg) when group-matched elicited an identical increase in cardiac index and stroke volume index. Both agents augmented coronary blood flowwhile reducing coronary vascular resistance. Both forms of therapy elicited a significant increase in myocardial oxygen consumption. Dobutamine, demonstrating a balanced effect on the coronary circulation, induced a proportional increase in coronary blood flow and myocardial Dobutamine and hydralazine are two frequently utilized agents in the treatment of congestive heart failure, Dobutamine, a synthetic catecholamine with beta.sadrenergic receptor agonist activity, is a potent myocardial inotropic agent (1-3). Hydralazine induces arteriolar relaxation with peripheral circulatory vasodilation and reduction in systemic vascular resistance and ventricular filling pressure (4-6), In the setting of congestive heart failure, both drugs have well documented salutary central hemodynamic effects with augmentation of cardiac output and reduction in ventricular filling pressure (7) (8) (9) (10) (11) (12) .
Coronary blood flow and myocardial energetics were assessed after the administration of a parenteral inotrope (dobutamine hydrochloride) and an oral vasodilator agent (hydralazine) in 10 patients with nonischemic congestive heart failure. Dobutamine (5 ltg/kg per min) and hydralazine (1 mg/kg) when group-matched elicited an identical increase in cardiac index and stroke volume index. Both agents augmented coronary blood flowwhile reducing coronary vascular resistance. Both forms of therapy elicited a significant increase in myocardial oxygen consumption. Dobutamine, demonstrating a balanced effect on the coronary circulation, induced a proportional increase in coronary blood flow and myocardial Dobutamine and hydralazine are two frequently utilized agents in the treatment of congestive heart failure, Dobutamine, a synthetic catecholamine with beta.sadrenergic receptor agonist activity, is a potent myocardial inotropic agent (1-3). Hydralazine induces arteriolar relaxation with peripheral circulatory vasodilation and reduction in systemic vascular resistance and ventricular filling pressure (4) (5) (6) , In the setting of congestive heart failure, both drugs have well documented salutary central hemodynamic effects with augmentation of cardiac output and reduction in ventricular filling pressure (7) (8) (9) (10) (11) (12) .
Nonischemic congestive cardiomyopathy is associated with diminished coronary blood flow per unit myocardial muscle mass and evidence of relative hypoperfusion of left oxygen consumption, with the arterial-venous oxygen difference across the coronary vascular bed remaining unchanged. Hydralazine enhanced the myocardial oxygen supply versus demand ratio; despite a significant increase in myocardial oxygen consumption, the arterialvenous oxygen difference and the myocardial extraction ratio diminished. Both forms of therapy enhanced cardiac performance without inducing any electrocardiographic or clinical evidence of ischemia.
Dobutamine, a positive inotropic agent, elicited a balanced effect on the coronary circulation while hydralazine, a vasodilator agent, induced a greater increase in coronary flow than in myocardial oxygen demand. ventricular subendocardium (13) (14) (15) (16) . Any agent that potentially augments myocardial oxygen consumption (inotrope) or diminishes the coronary perfusion pressure (vasodilator) may unfavorably alter the tenuous balance between oxygen demand and supply and induce myocardial ischemia. These deleterious effects might theoretically be mitigated by concomitant vasodilator-or inotrope-induced reduction in left ventricular wall stress secondary to decreased chamber size or increased coronary blood flow. This study was therefore designed to assess the effects of dobutamine and hydralazine on the coronary circulation and myocardial energetics in patients with chronic nonischemic congestive heart failure.
Methods
Study patients. Ten patients withcongestive heart failure (New York Heart Association functional classes III and IV) were evaluated. Five women and five men with a mean age of 48 years (range 25 to 58) underwent cardiac catheterization and coronary angiography that documented nonischemic congestive cardiomyopathy. The left ventricular ejection fraction was less than 30% in all patients while eight demonstrated a left ventricular filling pressure greater than 20 mm Hg. The group had been maintained on conventional cardiac medications mcludmg digitalis. diuretics C  D5  H  DIO  C  D5  H  DIO  C  D5  H  DIO  C  D5  H  DIO   68  68  80  78  90  97  89  108  21  22  20  25  2.0  2 I  26  2 I  2  108  107  104  95  74   64  64   66  27  21  26  19  20  3 0  2. 1  3.6  3  88  98  93  11 5  84  85  81  78  28  30  30  32  28  4.0  3 I  4.2  4  96  108  102  11 4  95  9 1  89  90  26  22  23  16  2 I  30  25  3 I  5  82  80  95  100  100  97  67  95  15  15  10  12  27  3.0  5.2  4.7  6  117  120  114  125  87  78  70  78  32  26  28 Protocol a nd procedures. Writt en infor med consent was obtained fro m eac h pati ent. Before the co ntro l period . a th in-walled . arterial ca nnula was placed in the rad ial artery for continuous mon itor ing of sys temic artenal pressure and to provi de a port for arterial blood samples . A balloon-t ipped triple-lum en thcrrnod ilut ron ca theter was placed in the pul monary artery for mon itoring centra l hem odynam ic van ables. T he coronary sinus was cannulated under fluoroscopic co ntrol utilizing a dual tberrrustor coro nary sinus catheter. Catheter positi on and stability during the study period were co nfirmed by contrast angiography and te mperature assessment according to the techniques descnbed by Ganz c t a!' ( 17) .
In the supine resting state , central hemodynamic variables 111eluded pulm onary arte ry . pulmonary ca pillary wedge and syste mic artena l pressure utilizing techniques previou sly reported by this laboratory (6) . Card iac output (thermod ilutio n technique 11 81l was measured in triplicate with less than 10% variation using an instrumentatio n Laboratories 60 I co mputer and 602 reco rder. Coronary sinus blood flow measurement s (thermod ilution techniqu e [17] ) were performe d with a 7 French model CCS-7U-90B dua l therm istor coronary SIOU S catheter interphase d with a WIlton Webster CBA -2 10 two -chann el Wheatstone bndge with self-contained DIO   I   30  31  33  27  2011  2120  1580  2316  28  32  31  30  2  19  28  20  38  1838  1087  1635  923  12  16  10  24  3  32  41  33  36  1480  1072  1368  937  24  31  25  22  4  22  28  25   27   2147  1456  1767  1398  21  26  25   27   5  33  38  54  47  1942  1680  635  1070  38  42  42  53  6  17  29  31  39  2047  1093  912  778  12  20  18  28  7  44  48  45  49  1283   1103   1155  791  48  51  48  56  8  17  26  26  28  1616  1007  1178  992  13  23  24  28  9 28 After the control period. intravenous dobutamine hydrochlonde infusion was instituted at 5 ILg/kg per min (stage I), 10 ILg/kg per min (stage II), a reequilibration control period (stage Ill) and then oral hydralazine, I mg/kg (stage IV). Measurements during stages I and II were made after a IS minute equilibration period, stage III at a return to baseline levels and stage IV readings determined every 60 minutes over the ensuing 4 hours after oral hydralazine.
Central hemodynamic calculations (20) included cardiac index, stroke volume index, systemic vascular resistance and left ventricular stroke work index. Coronary hemodynamic and myocardial metabolic calculations included coronary SInUS flow, coronary vascular resistance and myocardial oxygen consumption, using formulas previously reported by our laboratory (21) .
Statistical analysis. Mean values and standard deviation were determined during control periods, dobutamine infusion (5 and 10 ILgikg per min) and hydralazine therapy (I mg/kg). Control values DIO   I   114  117  108  116  70  72  67  72  7  6  9  9  2  119  115  114  III  78  75  74  72  24  23  36  25  3  75  70  77  77  60  57  62  63  14  21  16  21  4  105  106  93  106  71  72   64   72  19  24  31  34  5  86  86  58  85  68  70  46  72  16  26  16  22  6  116  118  88  117  84  86  63  86  16  24  25  21  7  95  101  96  80  61  65  62  52  12  14  13  19  8  103  102  95  102  72  72  65  72  7  10  II  22  9  85   77   72  80  64  58  54  60  17  18  23  27  10  141  147  143  130  80  82  80  72  14  18  21 ( Fig. 2A) . The ratio of percent change of coronary flow to cardiac output remained constant with dobutamine (5 ILg/ kg per min) but increased significantly with hydralazine ( Fig. 2B) . Both agents elicited a significant increase in myocardial oxygen consumption (Fig. 3) . Concomitant with the elevation of myocardial oxygen consumption, the arterialvenous oxygen difference and the percent myocardial ox- Table I . Before drug treatment, baseline cardiac index was depressed (2.3 ± 0.3 liters/min per rrr'), pulmonary capillary wedge pressure elevated (23 ± 6.9 mm Hg) and systemic vascular resistance increased (1747 ± 288 dyness-cm r " ) ; all findings were commensurate with the diagnosis of moderate congestive cardiac failure. With low dose dobutamine infusion (5 ILg/ kg per min), heart rate and mean arterial pressure did not significantly change; however, systemic vascular resistance and pulmonary capillary wedge pressure decreased With a concomitant increase in cardiac index, stroke volume index and left ventricular stroke work index. Hydralazine (I mg/ kg) induced no appreciable change in heart rate but did diminish mean arterial pressure and systemic vascular resistance with reciprocal augmentation of cardiac index, stroke volume index and left ventricular stroke work index. Increases in cardiac index and stroke volume index were identically group-matched with low dose dobutamine and hydralazine. In this population, high dose dobutamine (10 ILg/ kg per min) elicited a significant increase in heart rate when compared with control, low dose dobutamine and hydralazine. The increase in cardiac index significantly exceeded that noted with low dose dobutamine and hydralazine; however, because of heart rate changes, there was no significant difference in stroke volume index when comparing the three modes of treatment. Dobutamine (10 ILg/kg per min) markedly diminished systemic vascular resistance while left ventricular stroke work index was increased over both control and hydralazine therapy.
Effects of intravenous dobutamine and oral hydralazine on coronary blood flow and myocardial energetics ( Table 2 ). Dobutamine in both dose ranges had no effect on the mean systemic blood pressure-pulmonary wedge pressure difference (a formulated estimate of coronary perfusion pressure), whereas hydralazine diminished the coronary vascular pressure gradient. At matched doses. both agents decreased coronary vascular resistance and augmented coronary blood flow, similar to the changes noted in the systemic vascular bed (Fig. IA and B) . Before drug treatment, 3.5% of cardiac output was distributed to the coronary circulation. After dobutamine (5 ILg/kg per min) infusion, the relative flow distribution remained unaltered; however with hydralazine therapy, 4.3% of total cardiac output was directed into the coronary vascular circulation
Discussion
In the setting of congestive heart failure, the known salutary central hemodynamic effects of both dobutamine and hydralazine are well documented. However. the relative effects of these agents on coronary blood flow and myocardial energetics remain dependent on their ability to maintain an appropriate balance between myocardial oxygen demand and supply (2 1-25) . Studies in both animal models and patients strongly suggest that cardiac hypertrophy adversely affects the coronary circulation with enhanced vulnerability of subendocardial muscle to ischemiaand necrosis (14-16,26 ,27) . Our patients with nonischemic cardiomyopathy demonstrated diminished coronary blood flow per unit mass of myocardium (40 ± 12 mill 00 left ventricle-min) . Previous studies with the inotropic agents digoxin and amrinone have demonstrated diminution of myocardial oxygen consumption with concomitant augmentation of cardiac output in patients with significant heart failure (28, 29) . Other investigators have speculated on the potential ability of vasodilator therapy to improve cardiac performance at a lower level of oxygen consumption than required by inotropic therapy (30) (31) (32) . Dobutamine (5 p.g/kg per min) and hydralazine (1 mg/kg) therefore were matched to induce an equal increase in cardiac index (35%) while central and coronary hemodynamic variables were measured to compare dobutamine infusion was accompanied by a 20% increase in myocardial oxygen consumption and a 37% increase in coronary blood flow. After hydralazine administration. myocardial oxygen consumption increased by 33% with a concomitant 5 1% augmentation of coronary blood fl ow. ygen extraction remained constant with low and high dose dobutamine infusion. Despite the increase in total myocardial oxygen consumption with hydralazine, the arterialvenous oxygen difference narrowed and the percent myocardial oxygen extraction diminished (Fig. 3 Effects on myocardial oxygen demand and coronary blood flow. Heart rate, myocardial wall stress and contractility constitute the three major determinants of myocardial oxygen demand (33) (34) (35) . Heart rate remained statistically unchanged with both agents. Myocardial wall stress was not directly assessed; however, the modest reduction in both left ventricular filling pressure and mean systemic pressure is consistent with an actual decrease in wall stress . Contractility, the third major myocardial oxygen consumption determinant, has been clearly shown to increase with dobutamine infusion in both normal hearts and heart failure models (1,3). The inotropic state of the ventricle was not directly measured in this study; however, the noted increase in stroke volume index at a diminished filling pressure would suggest that dobutamine did in fact augment myocardial contractility . Recent studies by our group have also demonstrated positive inotropic properties with hydralazine (36) and prominent coronary vascular effects (21) which may, in tum , account for the comparable increase in myocardial oxygen consumption noted with both the inotropic (dobutamine) and vasodilator (hydralazine) agents.
Coronary bloodfiow was greatly enhanced. and coronary vascular resistance significantly diminished with both agents. Hydralazine, however, demonstrated a more pronounced effect on the coronary vascular bed than on the systemic circulation while dobutamine initiated a more balanced circulatory response. Coronary perfusion pressure remained unaltered with dobutamine but decreased with hydralazine administration. The marked attenuation of coronary vascular resistance with hydralazine adequately compensated for the reduction in perfusion pressure and resulted in a significantly increased myocardial blood supply. Before pharmacologic manipulation, 3.5% of cardiac output was directed to the coronary vascular bed. The distribution of coronary blood flow remained unchanged with dobutamine , but after hydralazine, the balance shifted toward the myocardium with coronary flow then accounting for 4.3% of total cardiac output.
Balance between increased myocardial oxygen demand and augmented coronary blood flow. In this group of patients with moderately severe congestive heart failure, both inotropic and vasodilator intervention , group-matched to elicit a similar increase in cardiac performance, augmented myocardial oxygen demand. After dobutamine (5 IJ-g/kg per min), the increased myocardial oxygen consumption was balanced by augmented coronary flow with the arteriovenous oxygen difference and myocardial oxygen extraction ratio remaining unaltered. High dose dobutamine resulted in further enhancement of central and coronary circulatory hemodynamic variables (increased cardiac output and coronary blood flow, decreased systemic and coronary vascular resistance) while myocardial oxygen con-sumption increased modestly and the arteriovenous difference across the coronary vascular bed remained unchanged . With hydralazine administration, the arteriovenous oxygen difference and myocardial extraction ratio actually decreased, suggesting that the enhanced coronary flow (increased proportion of total cardiac output) more than compensated for the increase in myocardial oxygen consumption .
Regional myocardial perfusion was not measured in this study and, therefore , one cannot exclude the possibility of relative subendocardial hypoperfusion or arteriovenous microcirculatory shunting in this group of patients with increased left ventricular muscle mass. However, the overall marked improvement in global left ventricular function (increased stroke volume index at decreased left ventricular filling pressure) without any clinical or electrocardiographic evidence of ischemia would suggest the maintenance of a favorable balance between myocardial supply and demand. Our data must be interpreted in the strict context of the patient group studied. The response of the coronary circulation may vary considerably in patients without elevated muscle mass and ventricular filling pressures and in patients with ischemic cardiomyopathy and fixed atherosclerotic lesions.
Implications. Both the inotropic and vasodilator agents enhanced the central hemodynamic function of this patient population with nonischemic congestive cardiomyopathy. Despite a marked reduction in both left ventricular filling pressures and systemic vascular resistance with no increase in heart rate or systemic blood pressure (no significant increase in rate-pressure product), both agents increased myocardial oxygen demand. Vasodilator therapy, at a paired level of cardiac performance. did not diminish myocardial oxygen consumption when compared with inotropic intervention. However, the hydralazine-induced shift in total cardiac output toward the coronary vasculature plus the greater increase in coronary flow than in myocardial oxygen consumption (55 versus 33%, p < 0.05) suggest a more favorable balanced oxygen supply and demand . In a group of patients with attenuated myocardial flow per unit mass and diminished subendocardial perfusion, these coronary hemodynamic changes may, in part , account for the acute augmentation of global myocardial performance after hydralazine therapy.
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